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Abstract 
The degradation and deformation of ballast critically affect the track geometry, safety, and 
passenger comfort. The increase in axle loads and train speed increases the stress applied on 
the ballast and exacerbates the rate of ballast degradation. This situation is more critical when 
tracks are built on stiff subgrades (e.g. bridges, tunnels and crossings), hence the use of 
energy absorbing (damping) layers in track substructure is a countermeasure to minimize 
track damage. In this study, a series of large-scale laboratory tests using the track process 
simulation testing apparatus (TPSA) is carried out to assess the performance of under sleeper 
pads (USP) to reduce ballast degradation and to decrease permanent deformation. When 
placed beneath the sleeper, the energy absorbing nature of USP reduces the energy 
transferred to the ballast and other substructure components. Subsequently, the ballast layer 
experiences less deformation and degradation. Innovative tactile surface sensors (matrix-
based) are used to measure the pressure and contact area between sleeper and ballast. The 
measured data show that an increase in contact area between sleeper and ballast decreases the 
stress applied on ballast, and thus a reduction in ballast breakage and corresponding reduced 
ballast deformation can be achieved. Furthermore, the influence of the USP stiffness is 
examined and the measured data offer an insightful understanding of the role of USP for 
given track and loading conditions in terms of energy dissipation and reduced ballast 
deformation. 




Of the various modes of transportation currently available, the railway network is very 
important and as such has a significant impact on the productivity of mining and agriculture 
industry in Australia. Moreover, the rapid growth in population and urbanization, and 
increases in traffic congestion means that trains are now the most popular way to transport 
passengers and freight.  However, this increasing demand for railways highlights the existing 
issues with conventional ballasted rail tracks and raises the apparent need for further 
improvements to cope with higher axle loads and high frequencies (Powrie et al. 2008). 
Ballast layer plays a vital role in transmitting and distributing induced train loads to 
underneath layers and also help to maintain railway geometry and dissipate a large 
percentage of the energy emanating from moving trains (Selig & Waters 1994, Suiker et al. 
2005). Li et al. (2015) found that track deterioration was faster and quickly becomes more 
critical for ballasted tracks built on stiff subgrades (e.g. concrete bridge decks, tunnels and 
crossings) where the damping capacity of the track cannot withstand the heavy cyclic loads. 
In heavy haul freight services, ballast aggregates subject to high stresses and experience 
irrecoverable (plastic) deformation due to particle breakage and subsequently affect the 
longevity and stability of tracks. 
In recent years more attention has been given to minimise ballast degradation and to reduce 
the cost of track maintenance. Many reserchers have considered various methods to improve 
ballast performances such as ballast stabilization using geo grids (Hussaini et al. 2016; 
Indraratna et al. 2014; Liu et al. 2016; Ngo et al. 2016, 2017; Qian et al. 2015; Rahman et al. 
2013), polymer reinforcement (D’Angelo et al. 2016; Kennedy et al. 2013; Woodward et al. 
2014), fiber reinforcement (Ajayi et al. 2017) and mixing tyre derived aggregates with ballast 




 The most recent trend is to use synthetic rubber pads placed underneath sleepers (under 
sleeper pad - USP) to enhance track performances (Indraratna et al. 2014; Insa et al. 2012; 
Kaewunruen 2010; Kaewunruen et al. 2018; Markine et al. 2011; Wan et al. 2016). 
Application of USP to mitigate vibration and noise generated by rolling stock has been 
attracted by past studies (Lakušić et al. 2010; Loy 2012; Müller 2008; Stahl 2005; Thompson 
& Jones 2006). However, the application of USPs raises questions about their impact on 
long-term and overall track performance in both structural and geotechnical perspective. But, 
in many fields and laboratory studies have emphasised that the use of USP has given a 
positive result regarding reducing maintenance frequency and associated costs (Schilder 
2013; Schneider et al. 2011).  
Nimbalkar et al. (2012) investigated the performance of rubber mats under impact load and 
found that rubber mats decrease the impact-induced strains in the ballast by as much as 50%. 
The inclusion of USP can reduce the stress transferred to the ballast by increasing the contact 
area between aggregate particles and concrete sleeper (Abadi et al. 2015; Li & McDowell 
2018). Differential settlements that stem from abrupt changes of track stiffness is another 
challenge in track design, and the USP can be utilised to prevent the unevenness stiffness and 
misalignment of tracks (Lakušić et al. 2010; Lundqvist & Dahlberg 2005; Paixão et al. 2018).  
A recent study conducted by Navaratnarajah et al. (2018) showed that the inclusion of a 
rubber pad at the sleeper-ballast interface decreased the stresses transmitted to the underlying 
ballast and capping layers; resulting in reduced deformation and degradation of ballast 
aggregates. It is noted that only one type of rubber pad was tested in the above study. 
Moreover, to the knowledge of the authors, studies conducted to evaluate the performance of 
ballasted tracks with USP on stiff foundations (bridges, tunnels and crossings) rarely visible 
in literature.  In addition, previous studies did not consider the influence of different stiffness 
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of USP on the performance of ballast in terms of damping, energy dissipation and associated 
ballast breakage. Based on three different types of rubber sheets, this paper presents a more 
detailed experimental study on the role of under sleeper pad (USP) in improved performance 
of ballasted track built on a stiff foundation and to quantify the influence of USP stiffness on 
the load-deformation response of ballast.  
2 Experimental investigation 
2.1 Large-scale track process simulation testing apparatus  
To investigate the effect of under sleeper pad (USP) and the influence of the pad stiffness on 
ballast, a series of large-scale tests using a track process simulation testing apparatus (TPSA) 
were conducted (Fig. 1a). The dimensions of the testing chamber are based on a unit cell of 
standard gauge Australian rail track. Sleepers are laid at a spacing of 600mm, so by applying 
symmetry around the centre line of the sleeper, the effective length of ballast per sleeper in a 
longitudinal direction at the sleeper-ballast interface is 600mm (Biabani and Indraratna 
2015). In a transverse direction, this dimension is based on the effective length of the sleeper 
that supports the load transferred by rolling stock. Jeffs and Tew (1991) proposed that the 
effective length (le) is equivalent to one-third of the total length of a sleeper, so since a 
standard Australian concrete sleeper is 2400mm long, the effective length is 800mm.  
The testing chamber is deep enough (600 mm) to accommodate an actual track substructure 
arrangement. This apparatus can simulate realistic track conditions because three independent 
principal stresses can be applied in three orthogonal directions. The walls of the testing 
chamber can move freely in lateral and longitudinal directions, so the required confinement 
(i.e. provided by the weight of the crib and shoulder ballast in a real rail track) can be applied 
through the hydraulic jacks attached to the walls (Fig. 1b). Each vertical wall can move 
50mm outwards to represent a maximum transverse strain of 12.5% under field conditions. 
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Lateral displacement and pressures in a lateral direction (on each wall) are measured from the 
linear variable differential transformers (LVDT) and load cells attached to the hydraulic jacks 
on each wall. A cyclic load is then applied onto the rail by the servo-hydraulic actuator, as 
shown in Fig. 1c. 
2.2 Materials used for laboratory tests 
Fresh ballast consists of aggregates crushed from latite (volcanic) basalt, supplied by Bombo 
Quarry, south of Wollongong city. Ballast properties such as strength, mineralogy, flakiness 
etc. were analysed in the laboratory, and the particle size distribution was selected according 
to the Australian Standards (AS2758.7-2015). Ballast sample was washed and dried to assure 
the sample was free of dust, mud, and dirt, and then sieved before testing and mixed again to 
obtain the required gradation (Fig. 1d). A thin film of spray paint was used to colour-code the 
aggregates to differentiate the shoulder ballast from the ballast placed under the sleeper and 
to quantify particle breakage. 
Three different types of under sleeper pads (Fig. 1e) were used in this experiment series. 
Mechanical properties of these pads are presented in Table 1. The pads were glued to the 
bottom surface of the concrete sleeper (790 mm long × 220 mm wide) according to the 
product manual.  
2.3 Cyclic loading characteristics 
The cyclic major principal stress   was applied to the rail in accordance with Fig. 1c, 
representing for 25tonne axle load of coal trains. At the beginning, a monotonic load was 
applied until the applied stress reached the mean cyclic stress of, 	,	
 = 130	kPa . The 
stress control load was then applied that consisted of the conditioning phase and the loading 
phase, and the amplitude (Acyc) of the cyclic load was equivalent to half the difference 





 . It is essential to have the conditioning phase prior to the loading phase to ensure 
that the sleeper is in contact with ballast to avoid damages to the actuator that can occur as a 
result of losing contact with the rail. During the conditioning phase, the cyclic load was 
applied at a relatively low frequency (f = 5Hz) up to N=1000 cycles and the actual loading 
was applied for the remaining cycles. The magnitudes of ,	 =230kPa and 
,
 =30kPa were determined in accordance with Navaratnarajah and Indraratna (2017), 
and in relation to the field measurements conducted by Indraratna et al. (2010) for coal trains 
with 25tonne axle load. The actual lateral confinement (′ = 10	kPa) generated as a result 
of the weight of shoulder ballast was applied on the ballast sample through the lateral walls of 
the TPSA. For a long straight rail track, the longitudinal displacement is usually negligible, 
so the walls of the testing chamber were locked to restrict movement in a longitudinal 
direction, thus making	 = 0. For a given train speed, 150 the loading frequency was 
calculated by considering the distance between the last wheel of the 151 front bogie, the first 
wheel of the next bogie. For the laboratory tests conducted in this study, 152 the appropriate 
loading frequencies were selected as f= 15, 20, and 25 Hz, to represent a train 153 travelling 
at 97 km/h, 130km/h, and 160 km/h, respectively (Indraratna & Ngo 2018). Number of total 
load cycles applied on the ballast can be determined by: 
  = !
"
#$	×	&'
                                     
(1) 
where, Cm = number of cycles per million gross tons (MGT); At = axle load in tons; and Na = 
number of axles/load cycle. Considering 50MGT of annual traffic tonnage and four axles per 
load cycle, an axle load of 25tonne gives 500,000 load cycles. Therefore, in this set of 
experiments, the cyclic load is applied up to 500,000 cycles.  
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2.4 Laboratory testing procedure 
To simulate a ballasted track built on stiff subgrades such as bridges, tunnels, and road 
crossings, a 150mm thick concrete deck was placed at the bottom of the testing chamber, as 
shown in Fig. 2a. Ballast aggregates were sieved, washed, dried, mixed to the required 
gradation and then placed inside the testing chamber in three layers (100 mm thick), as shown 
in Figs. 2b-d. Each layer was compacted with a vibratory compactor and a rubber pad that 
attaches to the vibratory plate to avoid damaging the aggregates. To represent a field 
condition, the unit weight ballast specimen were kept at 15.4 kN/m
3
. The sleeper and the rail 
assembly were placed on top of a 300mm thick layer of compacted ballast (with or without 
USP, depending on the test), as shown in Fig. 2e.  
Instruments such as potentiometers, LVDT, load cells and matrix-based tactile surface 
sensors (MBTSS) were used to measure and record data during these tests. The pressure and 
contact area at the ballast/sleeper interface were measured by the MBTSS placed underneath 
the sleeper (Fig. 2f). The sensors was calibrated using linear multi point calibration method 
which facilitate by the software used to control the sensor. The calibration technique was 
provided by the sensor manufacture. The sensor was place on thin ballast layer and set of 
known static loads have applied on sensor using flat steel plate. The calibration data can be 
saved separately and can import to the raw data file and the calibration can be done either 
before or after the test as it is independent process. The sensor used for the experiments have 
a sensing area of 500 ×200mm (area of the matrix) and 14.8 sensel per square inch. A 
controlling unit was connected to the ballast sample to record and transfer data from the 
sensors through data loggers (Fig. 2g). The shoulder ballast was then placed on top of the 
load bearing ballast in a layer up to 150mm high. Cyclic loading was applied onto the rail 
using a dynamic actuator (100mm diameter), as shown in Fig. 2h. Eight tests were carried out 
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with and without sleeper pads glued underneath the concrete sleeper; where three different 
types of sleeper pads (Fig. 1e) were used. The laboratory program is summarised in Table 2. 
3 Results and discussion 
3.1 Influence of frequencies on ballast deformation 
3.1.1 Vertical and lateral deformation  
The long-term accumulation of ballast deformation is a major concern in track design, 
because, the deterioration of track geometry adversely affects the passenger comfort and 
safety. For that purpose, the load-deformation response of the ballast (with and without USP) 
under different loading frequencies was evaluated. Six tests were conducted, and for each 
test, the accumulated permanent deformations of ballast were measured at the end of 100, 
500, 1000, 5000, 10000, 20000, 50000, 100000, 200000, 300000, 400000, 500000 load 
cycles. The corresponding plastic strains were then calculated in the vertical () and lateral 
() directions. These measurements were obtained from the potentiometers fixed to the 
sleeper, and from the settlement plates placed on top of the load bearing ballast layer.  
As shown in Figs. 3a-b, an increase in train speed (increased frequency) results in increased 
vertical and lateral displacements (i.e. increased corresponding strains, 	and	). As the train 
speed increases, more of the kinetic energy is transmitted to the track foundation. 
Consequentlly, ballast breakage along with particle rearrangement and densification causeses 
a significant increase of irrecoverable (plastic) deformation. The use of USP contributes to a 
considerable reduction in the permanent deformation of ballast. Figures 3c-d demonstrate that 
the USP can reduce the permanent vertical displacement, Sv from 16-47 % and decrease 
lateral plastic displacement, SL from 21-55%.  
Ballast deforms rapidly up to 10,000 cycles, and significant strain accumulation can then be 
observed. After 10,000 cycles, the rate of deformation gradually decreases, and the ballast 
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becomes more stable after about 100,000 load cycles. The rapid increase of deformation in 
the initial load cycles is probably due to the rearrangement of aggregates and the breakage of 
angular projections of flaky aggregates. During this period, the granular layer becomes denser 
as the grains compact and the deformation gradually increases as ballast approaches its 
optimum density, beyond which the aggregates are crushed or fractured. The rate of strain 
accumulation diminishes as the rate of particle breakage and cyclic densification decrease 
(Figs. 3a-b). This observation is in agreement with previous studies conducted by Sol-
Sánchez et al. (2014) and Navaratnarajah et al. (2018) using USP for ballasted tracks placed 
on soft subgrade. 
3.1.2 Volumetric and shear strains 
The vertical strain () of the ballast layer was calculated based on the differences between 
settlement at the sleeper and ballast interface, as measured by the settlement pegs. The lateral 
strain () parallel to the sleeper was calculated using the lateral displacement of the vertical 
walls, as measured by the potentiometers. The volumetric strain (()*) and shear strain (+) 
can be determined as: 
()* =	 +  +	             
(2) 
+ =	√ ./0 − ) + 0 − ) + 0 − )1					           
(3) 
Considering the plane strain condition movement in the longitudinal direction is restricted 
and thus  = 0,	therefore: 




+ =	√ ./0) + 0) + 0 − )	1					                                           
(5) 
The variation of volumetric and shear strains of ballast with and without the inclusion of USP 
subjects to different frequencies is presented in Figs. 4a-b. It is seen that while the increase in 
loading frequency causes a significant increase in strain accumulation, the presence of USP 
helps to decrease volumetric and shear strains considerably. Figs. 4c-d demonstrate that the 
USP helps to reduce the volumetric strain about 15-45% and decreases the shear strain 
around 16-48%. Rapid increases in volumetric and shear strains are observed within first 
10,000 cycles, and the rate of strain accumulation gradually decreases and attained a 
relatively stable condition after 100,000 cycles. 
3.1.3 Resilient modulus of ballast 
Resilient modulus of ballast (23) is determined as the ratio between ∆	(the difference 
between the maximum cyclic deviator stress, ,	 , and the minimum cyclic deviator 
stress, ,
 ) and recoverable axial strain during unloading, 3; (23 = ∆/3). Figure 
5 shows the variation of resilient modulus with the number of cycles. Rapid increase of Mr is 
measured up to 100,000 cycles, and afterwards, its rate of increase becomes marginal. Rapid 
densification of ballast during the initial load cycles causes an increase in stiffness, and as a 
result, a rapid increase in Mr at the beginning is observed. After 100,000 cycles, the ballast is 
in a more stable condition and this contributes to the reduction of the rate of increase of Mr.  
When the USP is used, the recoverable axial strain 3 is generally higher compared to the 
case without the USP. This partly attributed to the elastic response and high compressibility 
of the USP), resulting in a reduction in the value of Mr. Figure 5 shows that the inclusion of 
the USP decreases the resilient modulus of ballast by around 15%. The additional resiliency 
provided by the USP causes the recoverable elastic strain to proliferate under the same load 
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(compared to the case of without USP), given the compressibility of rubber. Qi et al. (2017) 
and Signes et al. (2015) have studied the effect of rubber crumbs on the resilient modulus of 
sub-ballast, and they have reported that the increase in rubber percentage can decrease the 
resilient modulus of the granular layer.  
3.1.4 Energy absorbing capacity and damping ratio 
The kinetic energy generated by the cyclic loading is transmitted to the ballast layer, and the 
ballast can then distribute the energy to the underlying subgrade (Esveld 2001). Subjected to 
cyclic loading, ballast exhibits hysteresis response and the energy dissipated during 
loading/unloading (Ed) can be calculated according to ASTM D3999 (2003). As explained in 
Figure 6a, the energy dissipated per load cycle is proportional to the area of the loop (AL), as 
represented by the energy per unit volume per loading-unloading cycle (Ed = AL). The 
damping ratio (D) is proportional to the ratio of energy dissipated and stored during the 
loading-unloading cycle, as given by: 
6 = #789#:          
(6) 
where AL is the area of the hysteresis loop; As is the area of the shaded right triangle (Fig. 6a). 
The variations of damping ratio and energy dissipation per load cycle of ballast assembly 
with and without USP are illustrated in Figs. 6b-c, respectively. Here, the USP significantly 
increases the damping ratio (D) and energy dissipation (Ed). Higher energy dissipation occurs 
at initial load cycles due to the rearrangement of particles and breakage. As the ballast grains 
move towards a more stable condition, (significantly diminished volumetric strain), the 
energy dissipated at each load cycle decreases, and the variation among subsequent load 
cycles becomes insignificant. Additionally, the energy transmitted to the ballast increases 
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with the increased loading frequency (i.e. faster trains generate more kinetic energy), 
accompanied by a greater intensity of plastic deformation and particle breakage.  
The total energy dissipates per load cycle (Ed) is a combination of energy absorbed by the 
sleeper pad (Epad), energy spent on breakage (EB) and the rearrangement (ES) of the ballast 
particles, defined as:   
 ;< = ;=	< + ;> +	;?	          
(7) 
Navaratnarajah and Indraratna (2017) defined the energy absorbed by rearrangement of 
particles (Es) as a function of deviator stress (qd) and the total shear stress (εs) and the energy 
dissipated through particle breakage (EB) as a function of axle load (@) and ballast breakage 
index (BBI). Cansidering those relationships the Eq.7 can be rewritten as: 
 
  ;< = ;=	< + A0B<+) + 	C0@ × DDE)                                                                     
(8) 
The USP is an elastic medium, and its energy absorbing capacity depends on the area (A), 
thickness (T), deformation (x) and elastic modulus (E) of the sleeper pad. N is the number 
cycles, and the total energy dissipate per load cycle is calculated by: 
 ;< =  
#F
G  H
 × I + A0B<+) + 	C0@ × DDE)                                               
(9) 
where, a, b and c are empirical parameters, and κ is a factor normalized to the axle load.  
Equation 9 can now be used to estimate the energy dissipation per load cycle of ballast 
assembly subject to cyclic loading. 
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3.1.5 Stress distribution at the ballast-sleeper interface 
The interface between sleeper and ballast is considered to have relatively high stress due to 
the low effective contact area between the aggregates and a hard concrete surface that can 
cause more damage to the ballast aggregates at the interface (Abadi et al. 2015). Past studies 
have used metal pressure plates to measure the stresses (Navaratnarajah et al. 2018), and the 
main disadvantages of these pressure plates is the incapability of measuring pressure 
distribution under the whole sleeper due to limited sensing area, and they provided additional 
stiffness due to the thick rigid plate (10 mm thick). To overcome these drawbacks, a matrix-
based tactile surface sensor (MBTSS) has been used in this study to measure accurate 
pressure and contact area at the sleeper-ballast interface. This thin film pressure sensor is 
0.1mm thick and consists of two thin flexible polyester sheets with conductive silver ink 
printed on it as rows and columns (Fig. 2f). Pressure sensitive semiconducting material is 
applied to the inner surface of the silver rows and columns, and the two sheets are 
sandwiched together to form a grid (matrix). When a load is applied on the sensor, the upper 
sheet and the lower sheet will touch each other, and the electrical resistance generated in the 
contact point of rows and columns is inversely proportional to the applied normal force.  
Figure 7 presents the contact area and pressure at the sleeper-ballast interface measured under 
25tonne axle load with and without USP. It can be seen that the USP can improve the contact 
area significantly up to approximately 2.5 times (i.e. contact area: 47,180 mm
2
 with USP 
compared to 18,820 mm
2
 without USP). The contact area between sleeper and ballast is 
measured to be only 18% when the USP is not used, while this value increases up to 50% 
with the presence of USP. When the ballast is directly in contact with sleeper, the stress 
concentration becomes very high (i.e. causing ballast breakage) where the presence of high-
stress concentration points is clearly visible. Aggregates penetrate in to the USP causing an 
increase in the contact area. Thus a significant reduction in the contact stress can be observed. 
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Additionally, the inclusion of USP improves the uniformity of the stress distribution and 
contact area at the sleeper-ballast interface. 
3.2 Influence of the USP stiffness 





) to investigate the role of USP stiffness on the load-deformation response of ballast.  
Figs. 8a-b shows the variation of vertical and lateral displacements with changing pad 
stiffness. The measured data shows that the presence of USP reduces the deformation of 
ballast (plastic strains), and the stiffer rubber pads (i.e. higher rigidity) perform better than 
flexible pads (i.e. more compressibility). As shown in Figures 8c-d, use of stiffer pad (i.e. 
stiffness = 0.22 N/mm
3
) has been able to reduce vertical and lateral displacements of ballast 
up to 45% and 48%, respectively. 
The volumetric and shear strains responses are analysed with varying USP stiffness. As 
presented in Figs. 9a-b, regardless of USP stiffness, a greater accumulation of volumetric and 
shear strains can be seen for initial 10,000 load cycles, and after about 100,000 cycles, the 
rate of strain accumulation decreases. The volumetric and shear strain accumulation has been 
decreased by the inclusion of USP. The USP decreases the volumetric strains of ballast from 
22-45% (Fig. 9c) and reduces the shear strain from 20-48% (Fig. 9d) for the USP’s stiffness 
ranging from 0.1-0.22 N/mm
3
, respectively. 
Figure 10a shows the variations of the resilient modulus of ballast, Mr with varying stiffness 
of USP. It is measured that the smaller stiffness of USP used, the lower resilient modulus of 
ballast is measured. Therefore, the suitable stiffness of under sleeper pad should be selected 
carefully considering the adverse effect on reduced resilient modulus of ballast.  Figure 10b 
shows energy dissipations per load cycle with different types of USP stiffness. Compared to 
the case without USP, the energy dissipation increases with the presence of USP; and the 
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smaller stiffness of USP (i.e. reduced rigidity) the higher energy dissipation is measured. 
With reduction of pad stiffness the area of the hysteresis loop has increased and indicates a 
higher energy dissipation with ballast and USP. With the soft pad highest energy dissipation 
is observed and this is due to high recoverable strain and higher ballast degradation as shown 
in figure 10b. 
Laboratory test data demonstrates that the beneficial effect of USP towards improved track 
performance is diminished with reduced stiffness (increased compressibility) of the USP. 
Based on the measured data, an empirical equation is proposed to predict vertical, lateral 
strains and ballast breakage, given by:  
   = J × KL                                           
(10) 
Where, ε is strain (%), k is USP stiffness, and α and β are empirical parameters as 
summarised in Figure 11. As shown in Figure 11, USP with the highest stiffness (0.22 
N/mm
3
) gives the lowest plastic deformation strain at the end of 500,000 load cycles, and this 
is due to reduced ballast breakage.  
3.3 Quantifying ballast breakage 
As Figure 12 illustrates, aggregates covered with a thin film of spray paint helps to clearly 
identify the breakage before and after the test. There are three types of ballast degradation are 
observed, namely: abrasion, attrition, and fracturing. Ballast breakage is quantified using the 
ballast breakage index (BBI) introduced earlier by Indraratna et al. (2005) as shown in Figure 
13a. The BBI is given by the relationship: BBI= A/(A+B),  where, A is shift in the particle 
size distribution (PSD) curve after the load application and B is potential breakage or the area 
between the arbitrary boundary of maximum breakage and the final PSD curve. Figure 13b 
shows that the presence of USP helps to reduce the ballast breakage significantly (i.e. BBI 
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decreases from 51% to 60% for given frequencies of  f=15-25 Hz). The increase of the 
contact area between sleeper and ballast helps to reduce the pressure developed on ballast, 
and therefore, a reduction in ballast degradation can be observed. As shown in Figure 13c, 
increasing stiffness of USP (increased rigidity) results in decreased ballast breakage. In 
addition, an increase in frequency (i.e. train speed) causes more damage to the ballast, and 
gradual increase of the BBI can be observed with the increasing loading frequency for both 
with and without USP. 
 
4 Conclusions 
This paper presented the results from large-scale laboratory tests using the Track Process 
Simulation Testing Apparatus (TPSA) to assess the influence of under sleeper pads (USP) on 
the deformation and degradation of ballast placed on stiff foundations (concrete bridge decks, 
tunnels and crossings) subjected to varying cyclic loading frequencies, f= 15, 20 and 25 Hz. 
Three different types of sleeper (tie) pads (varying stiffness) were placed underneath a 
concrete sleeper, and all tests were subjected to cyclic train loading of ,	  =230 kPa, 
representing heavy haul trains having a minimum of 25 tonne axle load.  The following 
conclusions can be drawn: 
• The laboratory results confirmed that the introduction of USP contributed to a 
significant reduction of permanent deformation of ballast. The inclusion of USP 
decreased the vertical and lateral displacements of ballast by approximately 16-50%, 
and the volumetric and shear strains by 15-48%. The USP could also decrease the 
degradation of ballast (breakage) by about 51-60% .   
• The stiffness of the USP also affected the improved performance of ballast. The 
smaller the stiffness of USP (i.e. reduced rigidity) the higher the measured total 
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energy dissipation. The presence of USP could decrease the resilient modulus of 
ballast, thus increasing the total energy dissipation. Measured test data indicated that 
the beneficial effect of USP was diminished with reduced stiffness (i.e. increased 
compressibility) where the stiffest pad (i.e. stiffness = 0.22 N/mm
3
) was able to 
reduce vertical and lateral displacements of ballast by 45% and 55%, respectively. 
The USP also decreases the volumetric strain of ballast by 15-45% and reduces the 
shear strain by 16-48% for stiffness ranging from 0.1 to 0.22 N/mm3, respectively. 
• The increase of loading frequency, f causes an increase in the deformation and 
degradation of ballast. Under a given frequency, ballast exhibited significant 
deformation during initial load cycles, and this tended to ease after 10,000 cycles, and 
the ballast layer became more stable after almost 100,000 load cycles. When the 
frequency increased from 15 to 25 Hz (equivalent to train speed  of 97- 160 km/h), the 
vertical and lateral displacements of ballast increased considerably due to more 
kinetic energy being transferred to ballast aggregates. 
• Using matrix-based tactile surface sensors (MBTSS), the pressure and contact area at 
the sleeper-ballast interface could be measured accurately. The contact area between 
the sleeper and ballast was measured to be only 18% when the USP was  not used, 
while this value increased up to 50% with the presence of USP. In addition, the use of 
USP improved the uniformity of the stress distribution at the sleeper-ballast interface, 
thus resulting in a reduced number of stress concentration points beneath the sleeper. 
In summary, placing rubber mats beneath concrete sleepers as under sleeper pads (USP)  
is a favourable solution to reduce the deformation and degradation of ballast, and thereby 
minimizing the track maintenance costs, enabling heavy haul trains to move faster while 
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Table 2: Laboratory experiment programme 
Test series 1: Varying frequency ( Axle load 25 tonne) 
Test No Frequency, f (Hz) USP included 
Properties of USP 
(Stiffness and Thickness) 
1 15 No - 
2 15 Yes 0.22N/mm
3
 , 10mm 
3 20 No - 
4 20 Yes 0.22N/mm
3
 , 10mm 
5 25 No - 
6 25 Yes 0.22N/mm
3
 , 10mm 
Test series 2: Varying USP stiffness( Axle load 25 tonne) 
Test No Frequency, f (Hz) USP included 
Properties of USP 
(Stiffness and Thickness) 
1 15 No - 
2 15 Yes 0.22N/mm
3
 , 10mm 
7 15 Yes 0.15N/mm
3
 , 10mm 
8 15 Yes 0.10N/mm
3






Material : Polyurethane polymer 
Dimension of the sleeper pad  :200 mm x 800 mm 
Tear strength of the connection 




USP No Thickness (mm) Weight (kg/m
2




1 10 4.2 0.22 
2 10 4.2 0.15 




Movable walls  





Figure 1:  (a) Large scale track process simulation testing apparatus (TPSA); (b) Testing chamber; (c) Applied cyclic load (d) PSD curve of 
























Loading phase  











26.5 - 19mm 
53 – 37.5mm 
37.5 -26.5mm 
63-53mm 
(a) (b) (c) 
(d) (e) (f) 
(h) 
Figure 2: (a) Installing concrete deck; (b) Fresh ballast prepared for the experiment; (c) bottom of the testing chamber; (d) 
compacting ballast; (e) Placing concrete sleeper and rail; (f) Data acquisition and MBTS sensor controlling unit; (g) Data acquisition 






Figure 3: Effect of the USP on: (a) Vertical displacement; (b) Lateral displacement; (c) 










Figure 4: Effect of the USP on: (a) Volumetric strain; (b) Shear strain;  (c) 



















Figure 5: Variation of resilient modulus, Mr of ballast with and without the USP 
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Figure 6: (a) Schematic of a typical hysteresis loop and method of calculating damping ratio, D; 





Total sensing area: 99675mm
2
; Contact area: 18820 mm
2
; Applied load: 40 kN 
Total sensing area: 99675mm
2
; Contact area: 47180 mm
2;
 Applied load: 40 kN 
(a) 
Stress Concentrated Points 








Figure 8: Influence of USP stiffness on: (a) Vertical displacement; (b) Lateral displacement; 











Figure 9: Influence of USP stiffness on: (a) Variations of volumetric strain; (b) Variations of 












Figure 11: Variation of vertical, lateral strains and ballast 














 α β 
Vertical strain  1.125 -0.521 
Lateral strain 0.135 -0.795 
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Figure 13: (a) Ballast breakage index (BBI); (b) Variation of BBI with frequency; and (c) 
Variation of BBI with USP stiffness 
